Abstract. Spectral surface albedo (SSA) has numerous applications in climate and environmental studies. Given that ground-based observations of SSA are very limited, space-borne remote sensing has been the primary means of acquiring SSA on large or global scales. To date, many satellite sensors measure reflectances in different spectral regions from which values of SSA are inferred. The inversion algorithms range from simple linear relationships to complex, full-fledged radiative transfer models. Often, algorithms were designed for application to a particular sensor or spectral band. In this study, we propose a more versatile parameterized algorithm that can be used for estimating SSA from satellite-measured spectral albedos at the top of the atmosphere (TOA). The algorithm was developed based on a three-layer atmospheric model. Monochromatic and band transmittances due to various absorbing species are parameterized. The reflectance and transmittance for direct and diffuse radiation in the second layer are determined by the generalized two-stream solutions. Except for the parameterization coefficients that vary with the bandpass and spectral response function of the satellite sensor, the framework of the inversion model is applicable to any sensor or spectral region. The model is tested by applying it to the results of detailed radiative transfer simulations for a wide range of conditions for various satellite sensors and spectral bands. The complexity and accuracy of the proposed model are intermediate relative to those of models currently in use.
Introduction
The needs for spectral surface albedo (SSA) are multifold. First, the spectral variation of surface albedo is a unique signature of the target. Such a signature has been widely used in a variety of remote sensing applications. A chief example is the use of vegetation indices (VIs), which are often derived from measurements in two spectral bands, namely the visible (VIS) and near infrared (NIR) (Huete et al., 2002) . The utilities of VIs in remote sensing are numerous, ranging from the retrieval of bio-geo-physical parameters (e.g., photosynthetically active radiation or PAR) to the classification of land cover types . SSA is a fundamental input variable for inferring atmospheric parameters (cloud, aerosol, water vapour, etc.) from multispectral space-borne observations (Kaufman et al., 2002; King et al., 2003; Remer et al., 2005) . It is because of inadequate knowledge of SSA that some remote sensing applications, such as aerosol optical thickness, have been limited to relatively uniform ocean surfaces (Nakajima and Higurashi, 1998; Mishchenko et al., 2003; Jeong and Li, 2005) . Closure tests of radiative transfer calculations cannot be achieved unless SSA is known, especially under cloudy conditions due to multiple internal reflections between surface and atmosphere (Barker and Davies, 1989; Li et al., 2002) .
As general circulation models (GCMs) advance, there is an increasing demand for high-resolution SSA data from satellites (Dickerson et al., 1990) . Not long ago, two-band GCMs were typical, but now GCMs with four or more bands are more popular (Barker et al., 2003) . Modelling Earth's climate and understanding the feedbacks between climate and land surface require a good knowledge of SSA on the global scale (Dickerson, 1983) . A substantial amount of discrepancy in the simulation of Earth's energy budget originates from large differences in surface albedo datasets used by various GCMs . It is highly desirable to derive an accurate, global, spectral, and broadband albedo climatology to facilitate climate change studies (Sellers, 1985) .
Satellite remote sensing remains a primary tool to meet the aforementioned requirements. Note that there are several steps to convert satellite-measured radiances to surface albedos, although an alternative approach was proposed recently to circumvent the steps by directly linking planetary reflectance with surface albedo following a hybrid modelling and statistical method (Liang, 2003) . They include corrections of the spectral response function of the sensor , the atmospheric effects (Vermote et al., 1997) , conversion of reflectance as measured from a particular direction to an albedo defined over the entire hemisphere, or the commonly known bidirectional reflectance distribution function (Luo et al., 2005) . If a broadband albedo is derived from narrow-band measurements, spectral conversion is required (Li and Trishchenko, 1999; Liang et al., 2005) . Uncertainties are incurred in any of these steps. This study deals with one of the steps, namely, converting a planetary albedo into a surface albedo following atmospheric correction, assuming that the angular correction has been applied to convert the satellitemeasured reflectance to a planetary albedo. Although most BRDF models are for broadband radiances, a limited number of BRDF models have also been proposed (e.g., Chang et al. (2000) for the visible region and Ciren and Li (2001) for the ultraviolet region).
At present, there exist some global broadband surface albedo datasets derived from various satellite sensors and systems such the Earth Radiation Budget Experiment (ERBE) (Li and Garand, 1994) , the International Satellite Cloud Climatology Project (ISCCP) (Pinker and Laszlo, 1992) , and the moderateresolution imaging spectroradiometer (MODIS) (Schaaf et al., 2002) , in addition to many regional albedo estimates (e.g., Barker and Davies, 1989) . Most notable is MODIS, which has 36 channels, 23 of which are located at solar wavelengths up to 4.0 µm. SSA is one of the MODIS products following atmospheric correction (Vermote et al., 1997) and bidirectional correction (Lucht et al., 2000; Li et al., 2001) .
The purpose of this study is to propose a satellite-based algorithm for retrieving SSA. The algorithm is intended for general application, instead of being tailored for a particular sensor. For a given satellite radiometer, the spectral filter function is required to derive specific coefficients in the parameterization schemes proposed in the paper. In terms of complexity, the proposed model is intermediate between the simple highly parameterized models (Chen and Ohring, 1984; Li and Garand, 1994) and more complicated radiative transfer models (Vermote et al., 1997) , or a feed-forward neural network (Liang et al., 1999) . The model developed here is more versatile and accurate relative to the simple parameterized models and at the same time involves less computation and fewer input parameters relative to the complicated models. Given that the parameters characterizing the state of the atmosphere contain many uncertainties, even in the era of Earth-observing systems (EOS), the model presented is of certain special utility.
Model
This model is based on a three-layer atmosphere-surface system as depicted in Figure 1 . The top layer consists of ozone molecules that attenuate solar radiation due to absorption at some specific wavelengths. The radiative properties of this layer can thus be characterized by transmittance functions T 1 and T 1 * for direct and diffuse solar irradiance, respectively. For monochromatic radiation, transmittance due to ozone absorption is determined by Beer's law. The middle layer contains radiatively active constituents including air molecules, water vapour, CO 2 and other gases, and aerosols. These agents have strong interactions via scattering and absorption. The bulk radiative properties of this layer include reflectance and transmittance for direct (R 2 and T 2 ) and diffuse (R 2 * and T 2 * )
sunlight. The third layer is the surface whose albedo (R s ) is to be derived.
from which surface albedo is solved as an analytic function of the planetary albedo (R p = E 5 ) and other atmospheric radiative quantities:
Reflectance and transmittance of the middle layer can be solved by a generalized two-stream approximation for any set of single-scattering properties, namely optical thickness, single-scattering albedo, and asymmetry factor (Meador and Weaver, 1980) . Since the layer contains several atmospheric species, its total optical thickness ( ) τ is the sum of individual thicknesses:
where the variables on the right-hand side represent optical thicknesses of aerosols ( ) τ a , atmospheric molecules (Rayleigh scattering) ( )
, carbon dioxide ( ) τ CO 2 , and other absorbing materials ( ) τ abs . Their values are discussed in the following section. Effective values for single-scattering albedo ( ) ω and asymmetry factor (g) for the layer are given by the following (Leighton, 1980) :
where ω a and g a are single-scattering albedo and asymmetry factors, respectively, for aerosols. With these single-scattering quantities, the generalized two-stream solutions for the second layer are as follows:
T 2 ( ) exp( / ) µ τµ
where
depend on the choice of a twostream method; and µ 0 is the cosine of the solar zenith angle. For the delta-Eddington approximation (Joseph et al., 1976) , 
in which
The values of transmittance due to absorption are available from precalculated look-up tables using such standard codes as LOWTRAN7 or MODTRAN4. In this study, we used LOWTRAN7 because it has been implemented in our doubleadding code, which is used for validation tests under a wide range of conditions. The spectral interval is 25 cm -1 for LOWTRAN7. The tables span from 2000 cm -1 (5 µm) to 50 000 cm -1 (0.2 µm). The look-up tables were generated for varying amounts of gases embedded in the standard atmosphere. Transmittance for any amount of an absorbing gas is determined by a spline interpolation method.
Since transmittance over narrow spectral intervals as used in LOWTRAN7 can be approximated by Beer's law, the optical thickness for absorbing species can be easily obtained. For example, the optical thickness for ozone is
where T denotes the mean ozone transmittance from look-up tables, and O 3 is the vertical depth of the ozone. Likewise, we can obtain the optical thickness for other gases such as water vapour and CO 2 . The aerosol optical properties are treated as input variables and have been retrieved with a reasonable accuracy over some relatively dark surfaces (e.g., Remer et al., 2005) .
Having spectral values of the optical properties for all the components, one can solve for surface albedo averaged over the bandpass of a sensor by spectrally integrating Equation (2) with a weighting factor of the product of the incoming solar irradiance S( ) λ and sensor filter function f( ) λ . This is achieved by solving
where λ is the wavelength. This equation can be solved numerically rather quickly by Newton's method. Using planetary albedo as an initial guess for surface albedo, it takes typically only two iterations of computation for R s to converge to an accuracy of 10 -5 . Note that the same approach may not be applied to Equation (3) to compute surface albedo directly due to the strong spectral dependence of planetary albedo, especially at shorter wavelengths because of Rayleigh scattering and scattering by fine aerosol particles. An unphysical value (i.e., larger than unity) would be obtained for a band containing strong absorption lines. Over a narrow band without strong absorption, the two approaches end up with similar results. If weighted spectral integration is conducted for each individual term in Equation (3), however, the resulting surface albedo is very close to that from Equation (14) for any band.
For the narrow bandwidths of many remote sensing instruments, spectrally integrated effective radiative values may be used. They are obtained by averaging over the sensor band (λ 1 , λ 2 ) weighted by S( ) λ and f( ) λ :
where~( ) ϕ λ is the spectral-dependent radiative variable under study.
Determination of band-mean reflectance and transmittance Effective optical properties for direct solar radiation

Gases absorption
The effective direct transmittance due to ozone absorption over a sensor's bandpass is approximated by 
The direct effective monochromatic optical thickness is then derived from T 1 as
Likewise, we can obtain the effective transmittance and optical thickness for water vapour, CO 2 , and other absorbing gases, as well as aerosols. Since the spectral function of the direct solar energy transmitting into the second layer is modified by the overlaying ozone, the weighting function in the spectral integration of the monochromatic transmittance includes the transmittance of the ozone layer, in addition to the top of the atmosphere (TOA) incoming solar spectrum. The direct transmittance due to water vapour absorption, for example, is given by
is the monochromatic optical thickness of water vapour absorption read from the look-up table; and r H O 2 is the specified amount of water vapour divided by the reference amount of water vapour, which was set at 2.34 g·cm -2 in this investigation.
Rayleigh optical depth
Spectral Rayleigh optical depths for the standard atmosphere are approximated as (Hansen et al., 1983) τ λ λ λ λ Values of τ R for any atmosphere are equal to (P/P 0 )τ R,o , where P is the actual surface air pressure, and P 0 = 1013.25 mbar (1 bar = 100 kPa). The corresponding monochromatic reflectance for a direct beam is given by
The effective reflectance over the sensor bandpass is determined by 
Effective optical thickness for diffuse solar radiation
The diffuse flux incident into the middle level is the flux reflected by the surface. The flux incoming on the surface is the sum of the direct flux transmitted through the middle layer and the flux diffused downward by aerosol particles and atmospheric molecules. The direct spectral transmittance is
where τ λ 2 is the sum of the monochromatic optical thickness of the components in the lower layer (aerosol, water vapour, CO 2 , and air molecules). The fraction of the flux diffused downward is approximated by a single scattering process:
where τ λ R is the monochromatic optical thickness of the Rayleigh scatterers, ω λ is the single scattering albedo of the aerosol at the wavelength λ, τ λ a is the monochromatic optical thickness of the aerosol, and β is the fraction of radiation backscattered by the aerosol. Assuming the HenyeyGreenstein phase function, β is obtained by integrating the function over the upper hemispheric domain: 
where g λ is the asymmetry factor of the aerosol at the wavelength λ, and θ 0 is the solar zenith angle. Over a narrow spectral interval, it is assumed that the surface does not alter the spectral dependence of the upwelling flux. As such, the weighting factors used to determine the diffuse effective transmittance and optical thickness of the radiative constituents in the middle layer should include the sum of T λ 2 and F λ 2 , in addition to the transmittance due to ozone absorption.
Diffuse equivalent optical thickness for ozone
The upwelling diffuse irradiance onto the ozone layer has two origins, namely backscatter by the aerosol and the Rayleigh scatterers and reflection from the surface. Both of these affect the spectral distribution of the diffuse radiation incoming in the ozone layer.
For the diffuse flux passing through the middle layer, the transmittance T *
where D = 1.66 is the diffusivity factor. The backscattered fraction of the downward radiation incoming in the middle layer is
so the total weighting factor to be used in Equation (12) is
For upwelling radiation reflected by the surface, the effective τ in Equations (4)- (6) is approximated by
Assuming Lambertian surface reflectance, D varies between 1.50 (thick limit) and 2.00 (thin limit); D = 1.66 is used in practice.
Evaluation
The analytic model described herein is evaluated by applying it to TOA reflectances computed by an adding-doubling radiative transfer model (Li and Garand, 1994) . To this end, we conducted a large number of simulations with different atmospheric and surface conditions. The latter is specified by the spectral functions of surface albedo for some typical land cover types such as green vegetation, barren land, desert, and snow . These types are considered as input to the radiative transfer model from which the TOA albedos were computed. The computed albedos were then substituted into the parameterized model to estimate surface albedos. Figure 2 shows the relationship between TOA and surface albedo. The model was run for 292 different combinations of solar zenith angles ranging from 0°to 70°, surface albedos from 0.05 to 0.98, aerosol optical thicknesses from 0.00 to 0.68, and ozone amount from 0.16 to 0.50 cm. The two variables are shown to have an approximately linear relationship. A great deal of variation in the TOA albedo cannot be explained by the changes in surface albedo, however. Therefore, use of a simple linear regression may result in a large uncertainty in the estimates of surface albedo from TOA albedo, or vice versa. The values of the regression coefficient R 2 , mean bias, and random errors are 0.953, 0.021, and 0.111, respectively, should one apply a simple linear regression to estimate the surface albedos. Figure 3 shows the surface albedos calculated by the model presented here compared with the true surface albedos used in the radiative transfer model simulations. The improvement over Figure 2 is significant. The model is able to take into account most of the atmospheric and solar zenith angle effects. Some discrepancies remain (mainly for large solar zenith angles and aerosol loadings), but overall the performance is sound. The values of R 2 , bias, and random errors are 0.997, 0.026, and 0.021, respectively, which are improvements over those from the simple linear regression model.
To test the performance of the model in different spectral regions, we applied it to the ultraviolet (UV, 320-400 nm), visible (400-700 nm), and near infrared (NIR, 700-1100 nm) spectral bands and the entire solar spectrum (0 -26 000 nm). A comparison of the input and estimated spectral albedos is presented in Figure 4 . Overall, the performance is good. The best and worst performance correspond to no or weak absorption bands (UV and visible) and strong absorption bands (NIR). This is because the parameterizations suffer from some deficiencies due to the strong spectral variation of atmospheric transmittances over fairly wide bands. Fortunately, the majority of sensors used at present have much narrower bandwidths, so in practice estimation errors are expected to be less than those shown here. This is confirmed in Figure 5 , which shows similar comparisons but for narrower spectral regions, including the advanced very high resolution radiometer (AVHRR) visible channel and 0.7-0.8, 0.8-0.9, and 0.9-1.1 µm. Other simulations (not shown) indicate that the performance of the model depends on water vapour amount and aerosol loading.
Conclusions
Knowledge of surface spectral albedo (SSA) is required for a variety of climatic, ecological, and environmental studies. To obtain SSA from satellite observations requires an inversion algorithm to account for the effects of the intervening atmosphere. The majority of inversion algorithms were designed for particular sensors or spectral regions using either highly simplified models or detailed complex models. A generalized model of intermediate complexity has been lacking. This paper presents a general inversion model for retrieving SSAs in any spectral region.
From a three-layer atmosphere-surface system, an analytical relationship can be established between albedos at the top and bottom of the atmosphere. Solving the relationship requires determination of reflectance and transmittance in each layer. Major absorption and scattering processes are parameterized such as absorption due to water vapour and ozone and Rayleigh scattering. Complications arise in determining band-mean transmittance, which was dealt with by separating downward and upward direct and diffuse fluxes in each layer. The parameterized model was evaluated against a detailed radiative transfer model by comparing SSAs as input for the radiative transfer model with those estimated by the approximate inversion algorithm, which used TOA albedo simulated by the detailed model. The inversion model proved to be generally valid over a wide range of spectral intervals from UV to the total solar spectrum, with relatively large errors occurring only for wide bands that contain highly variable absorption.
